The effect of ultraviolet B (UV-B) radiation on the thermal sensitivity of cucumber (Cucumis sativus 1.) was studied using UV-B-sensitive cv Poinsett 76 and UV-6-resistant cv Ashley grown under control and elevated (300 mW m-') UV-B radiation levels. Using both cotyledon and leaf discs, the ability of the tissue to reduce triphenyl tetrazolium chloride (TTC) was determined after treatment at 50°C for various times. Semilogarithmic plots of TTC reduction a5 a function of time at 50'C were curvilinear. They were monophasic for the control cucumber and biphasic for CUCumber grown in the presence of elevated UV-6. Treatment of cucumber plants at 37'C for 24 h or of tissue discs at acute UV-B levels for 1 h further modified their response to elevated temperature. These results suggest that growth of cucumber under enhanced UV-B radiation levels increased its ability to withstand elevated temperatures.
One of the primary concems about possible global climate changes has been the agronomic consequences of global warming and enhanced solar UV-B radiation. Even though there have been numerous studies on physiological, biochemical, and biophysical aspects of temperature (Beny and Bjorkman, 1980; Levitt, 1980; Kimpel and Key, 1985) or enhanced UV-B radiation on plants (Teramura, 1983) , there is little information available about how these two potential environmental stresses may interact in plants. In animal and microbial systems, inherent co-tolerance and co-sensitivity (Dewey and Holahan, 1987; Henle, 1987; Freeman et al., 1990; Koval, 1991) as well as induced cross-resistance to UV radiation and hyperthermia (Mitchel and Momson, 1982; Freeman et al., 1990 ) have been reported. The purpose of this communication is to present evidence that growth of UV-sensitive (cv Poinsett 76) and UV-resistant (cv Ashley) cucumber (Cucumis sativus L.) under enhanced UV-B radiation modifies their response to acute hyperthermia.
MATERIALS AND METHODS

Plant Growth Conditions
Seed of cucumber (Cucumis sativus L. cv Poinsett 76 and cv Ashley) were germinated and grown in Jiffy Mix2 (Ball 
395
Jiffy, Chicago, IL) at 25OC and 65% RH in Aminco-Are environmental chambers. Light was supplied in a 14-h photoperiod by cool-white fluorescent lamps (300 pmol m-2 s-'). UV-B radiation (300 mW m-*) was supplied by Q-Pane1 (Cleveland, OH) UV-B 313 lamps filtered through cellulose acetate film to remove ultraviolet-C radiation. The UV-B radiation leve1 was measured with a portable UV radiometer (Krizek, 1988) .
In one experiment, both 6-and 13-d-old cucumber plants that had been previously grown in the presence or absence of enhanced UV-B radiation, as described above, were transferred to growth chambers without supplemental UV-B lamps and set at either 25O or 37OC. The plants were maintained in these chambers for 24 h prior to use.
Temperature Treatment Procedure
Leaf discs (7 mm) were cut with a number 3 cork borer from both cotyledons (7 d old) and first leaves (14 and 21 d old) of the control and UV-B-treated cucumber. The discs were floated adaxial side down in 10 m~ potassium phosphate buffer (pH 7.4) in Petri dishes until assayed for thermal sensitivity and/or cellular viability. In one experiment, the leaf discs were pretreated for 1 h by exposure to relatively high UV-B radiation levels (600 mW m-2) from a bank of QPane1 313 lamps filtered through cellulose acetate.
Individual discs were transferred to covered 12 X 75 mm culture tubes containing 1 mL of 10 m~ potassium phosphate buffer (pH 7.4) equilibrated in a water bath set at 50 -+ 0.2OC.
A sufficient number of discs was transferred to permit triplicate viability determinations for each time period. After the desired time interval the discs were rapidly removed and immediately assayed for viability (Caldwell, 1993) .
Data Presentation and Analysis
The A485 of the leaf disc ethanol extracts was divided by the average disc weight (8.0 mg for cotyledon and 3.8 mg for first leaf) to give A/mg fresh weight. The A/mg fresh weight values were then converted to a percentage relative to the TTC reduction values of control discs. The logarithm of the average percentage with SE was then plotted as a function of incubation time to give the heat-inactivation curves.
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were derived from standard linear regression analyses of the linear portions of the heat-inactivation curves, partitioning the data visually into linear segments from the semilogarithmic plots (Alpen, 1990; Caldwell, 1993) . Only data sets that gave a linear correlation coefficient of 0.95 or better were used. Do (min) was equivalent to D37, which represents the time required for an inactivation of TTC reduction ability of 37% relative to the control (Alpen, 1990) . The values of D, (min) were also obtained by regression analysis and used as a measure of the heat-inactivation curve "shoulders," or the lag time before the onset of first-order kinetics (Alpen, 1990) . Although a11 numerical values given in the text and used for subsequent analyses were obtained by linear regression analyses, the figures were drawn using the best visual fit to the data.
RESULTS
Semilogarithmic plots of the thermal inactivation of TTC reduction as a function of time at 5OoC were curvilinear (Fig.  l) , indicating pseudo-first-order kinetics after an initial lag time (D,). However, the shapes of these curves were different depending on whether the plants had been previously exposed to supplemental UV-B radiation. The thermal inactivation curves for TTC reduction by both cotyledon and leaf discs grown in the absence of supplemental UV-B were monophasic with a single linear section (Fig. 1, B , D, F, and H). Conversely, the plants exposed to elevated UV-B radiation levels produced leaf and cotyledon discs whose thermal inactivation profiles were clearly biphasic with two linear segments, following the relatively short D, (Fig. 1, A, C , E, and G). It should be noted that only the TTC reduction values obtained during the first 60 min of the 5OoC treatment are presented in the figures to permit inspection of any rapid changes produced by the heat treatment. However, the heat treatment was actually extended to 120 min with measurements at 15-min intervals to permit the accurate determination of the slopes.
Using linear regression analyses, it was possible to estimate the slopes of these linear segments and convert the slopes to the first-order rate constant for inactivation, Do (Tables I and  11 (Table I) . Discs from cotyledons of both cultivars grown in the presence of enhanced UV-B radiation produced heat inactivation curves that were clearly biphasic (Fig. 1 , A and C). Although the Do and D, values for the first component of these curves were essentially the same for both cultivars, the Do of the second phase was greater for cv Poinsett 76 (Table I) .
Although the shapes of the heat-inactivation curves for the leaf discs were similar to those obtained with cotyledons ( values for the leaf discs were essentially the same as those obtained with cotyledons, and there was little difference between the cultivars (Table I) . Comparison of the inactivation curves from discs of plants grown in the absence of UV-B showed either little change or a decline in the Do and D, values in the leaf discs relative to the cotyledons ( Table I ), suggesting that, in the absence of supplemental UV-B radiation, the leaves were somewhat more thermosensitive than the cotyledons.
Effect of Acute UV-B Radiation Treatment
A I-h treatment with a relatively high leve1 of UV-B radiation (600 mW m-') significantly altered the shapes of the heat-inactivation curves of the plants that had been previously grown under elevated UV-B (Fig. 1) . With the exception of the TTC reduction curves for cotyledon discs from cv Ashley, which became more thermotolerant and retained biphasic TTC reduction curves (Fig. lC) , there was a linearization of the biphasic plots, resulting in monophasic curves (Fig. 1) The Do and D, (min) for the time-dependent thermal inactivation curves for TTC reduction by cotyledon and leaf discs from cucumber shown in Figure 1 were determined by linear regression. Source denotes the sources of the discs as either leaf (L) or cotyledon (C) from either cv Poinsett 76 (P) or Ashley (A). Tissue discs were from plants grown from germination in the presence (+) or absence (-) of enhanced UV-B radiation (Pre), or treated with (+) or without (-) an acute dose of UV-B (Acute) . Fig indicates the section of Figure 1 that Table II 104, 1994 of the heat-inactivation curves obtained before acute UV-B treatment with those from the monophasic curves after acute UV-B, one sees a large increase in tissue thennosensitivity after acute UV-B treatment. It may be more appropriate, however, to compare the Do and D, from the first phase of the biphasic plots with those of the single phase after acute UV-B. In this case, the acute UV-B treatment increased both Do and D,, indicating reduced tissue sensitivity to hyperthermia (Table I) .
Effect of Heat Shock
Since growth of these cucumber cultivars under enhanced UV-B radiation levels clearly modified their subsequent responses to hyperthermia, it was of interest to determine whether plant growth under conditions known to induce heat-shock protein synthesis could further modify their response to hyperthermia. Growth of the cucumber cultivars at 37OC in the absence of supplemental UV-B radiation increased their tolerance to 5OoC measured by TTC reduction (Fig. 2) . The 37OC treatment modified primarily the D, values for cv Poinsett 76 and Ashley cotyledon discs from plants grown in the absence of UV-B (Fig. 2 , B and D; Table 11 ). The Do values for the second phase of the inactivation curves for leaf discs from the cucumber cultivars grown in the presence of UV-B radiation were not significantly altered by the subsequent 37OC treatment (Fig. 2, E and G; Table 11 ). However, with these exceptions, the 24-h treatment at 37OC markedly increased the values of Do compared with plants grown at 25OC without altering the basic shape of the heat-inactivation curves ( Fig. 2; Table 11 ). These results indicated that growth for 24 h at 37OC enhanced the thermotolerance of both cucumber cultivars previously grown in the presence or absence of supplemental UV-B.
It should be noted that the heat-inactivation curve shapes and the computed Do and D, values for the plants maintained at 25OC in the absence of enhanced UV-B (Table 11 ) differed only slightly from those obtained with data from the control plants immediately after chronic UV-B exposure (Fig. 1) . This indicates that the differences in the response of the cucumber cultivars to hyperthermia produced by growth under enhanced UV-B radiation levels did not change significantly during the 24-h period after the UV-B treatment. 
DISCUSSION
Both animal and microbial studies have demonstrated that cells with induced or inherent resistance to oxidative stresses are often thermotolerant (Mitchel and Monison, 1982; Mitche11 and Russo, 1983; Dewey and Holahan, 1987; Freeman et al., 1990; Koval, 1991) . This co-tolerance and, in some cases, co-sensitivity to oxidative and thermal conditions has resulted in the suggestion that hyperthermia is also an oxidative stress and that cells may have common mechanisms that respond to a11 oxidative stresses (Dewey and Holahan, 1987; Freeman et al., 1990) .
In spite of the obvious difficulties in accurately quantitating the response of plants to short-tem hyperthermia (Figs. 1  and 2) , it is apparent from the results presented in this report that growth of cucumber under elevated UV-B radiation levels can modify its subsequent responses to hyperthermia (5OOC). The biphasic heat-inactivation curves were obtained only after growth under supplemental UV-B. Similarly shaped heat-survival curves have been obtained with animal cells (Bauer and Henle, 1979; Lepock and Kruuv, 1980) and interpreted as indicating either the presence of inherently thermotolerant subpopulations in the cell cultures or the induction of thennotolerance by the heat treatments (Henle, 1987) .
Considering the heterogeneity of the cells in the cucumber leaf and cotyledon discs, it is possible that growth under supplemental UV-B could result in a particular cell type with increased ability to withstand oxidative stress and, therefore, with enhanced thermotolerance. Alternatively, growth of cucumber under elevated UV-B levels may alter various metabolic processes that permit growth under chronic, oxidative conditions. These tissues are then able to respond more rapidly to additional oxidative stresses, such as that caused by hyperthermia, reducing the magnitude of any heatinduced damage. Since D, may be an indicator of a cell's ability to repair sublethal thermal damage (Alpen, 1990), the increase in apparent D, after the acute UV-B treatment of discs from plants previously grown under UV-B ( Table I ) may indicate that the acute UV-B treatment induced some process that initially provided some protection from thermal damage. However, the severity of the acute UV-B treatment ultimately resulted in sufficient cellular damage to reverse any beneficial, hyperthennia-desensitizing adaptations to chronic UV-B radiation, resulting in the monophasic TTC reduction curves (Fig. 1) . The inability of acute UV-B exposure to convert the biphasic response to hyperthermia of cv Ashley cotyledons grown under supplemental UV-B radiation to a monophasic TTC reduction curve (Fig. 1C) suggests that cotyledons of the UV-B-resistant cv Ashley may be significantly more resistant to UV-B exposure than those of UV-Bsensitive cv Poinsett 76.
Overall, with the exceptions noted above, there was little difference in the ability of the UV-B-sensitive and UV-Bresistant cultivars of cucumber to respond to chronic and acute UV-B exposure, as measured by their subsequent sensitivity to hyperthennia. Gross symptoms of cv Poinsett 76 damage by UV-B radiation were essentially the same as those of cv Poinsett, as indicated by the UV-B-induced formation of chlorotic lesions at the leaf edges of both cultivars (Krizek, 1978) . No visible UV-B damage has been observed on cotyledons. Recent research with cv Poinsett and cv Ashley has demonstrated little difference in the growth, basic photosynthetic processes, and ability to biosynthesize UV-absorbing pigments of these cultivars grown under enhanced UV-B radiation (Adamse and Britz, 1992) . Therefore, the observed differences in the gross response of these cultivars to UV-B radiation may involve the chloroplasts of cells near the leaf edges. Since the TTC reduction assay measures primarily mitochondrial activity (Steponkus, 1971 ) and the leaf discs were not cut from the leaf edges, the absence of any significant differences in the response of these cucumber cultivars to chronic UV-B exposure may be explained in terms of a localized effect of chronic UV-B radiation on cucumber leaf edges.
Heat shock of the cucumber plants at a temperature known to induce the synthesis of heat-shock proteins (37OC) (Lafuente et al., 1991) increased the tolerance of cucumber TTC reduction to hyperthermia ( Fig. 2; Table 11 ). This was reflected in higher values for D, for the cotyledon discs from plants of both cultivars grown in the absence of supplemental UV-B radiation (Table 11) . Conversely, for a11 other tissues and treatments, heat shock increased the values of Do without significantly altering D, (Table 11) . These results suggest that, regardless of prior treatment conditions, both cucumber cultivars had a similar response to heat shock and that exposure of cucumber cotyledons to chronic UV-B resulted in heatshock response more similar to that of leaves than of control cotyledons. Since leaves become more thermotolerant after heat shock than cotyledons (Chen et al., 1982) , it is possible that exposure of cotyledons to chronic UV-B radiation levels may modify their subsequent response to heat shock by inducing the synthesis of proteins that provide some degree of resistance to heat shock. The induction of heat-shock proteins by UV-B radiation and other oxidative stresses has been demonstrated in animal systems (Mitchel and Momson, 1982; Dewey and Holahan, 1987; Koval, 1991) .
Even though the methods utilized in this report did not demonstrate many differences between the UV-sensitive and UV-resistant cucumber cultivars grown under the same conditions, it is apparent that growth under supplemental UV-B modified the tissue responses to hyperthermia, supporting the possible linkage between hyperthermia and UV-B stresses. Although specific reactions may be involved in the ability of cells to respond to these stresses, it is possible that the stress-induced damage and/or the perception and ultimate induction of stress resistance may have common causes.
